Mycobacterium tuberculosis has been found to exhibit autolysis and spontaneous secondary growth in modified Sauton medium. The During the course of experiments on the growth of M. tuberculosis in Sauton medium modified to yield diffuse growth, we observed lysis of the cultures after 2 weeks of growth; approximately 1 week later, the cultures resumed growth and continued to grow for at least 3 weeks or more. The spontaneous resumption of growth after lysis was not a feature of the lytic systems described by the investigators cited above. This is a report on the conditions necessary for autolysis and secondary growth of tubercle bacilli to occur in the modified Sauton medium.
Mycobacterium tuberculosis has been found to exhibit autolysis and spontaneous secondary growth in modified Sauton medium. The phenomenon is a function of high glycerol concentration of the medium and limitation of air in test tubes. It is not a function of depletion of nutrients and is probably not a manifestation of lysogeny or spheroplast formation. The cycle of growth, autolysis, and secondary growth is related to development of lethal conditions during a period of severe oxygen limitation followed by a metabolic change associated with slower depletion of glycerol.
Autolysis of Mycobacterium tuberculosis has been studied under a variety of conditions. Corper and Cohn (2) , while examining optimal conditions for tuberculin production, studied the effects of temperature and toxic agents on lysis. White and Knight (12) evaluated the roles of ingredients of Tween-albumin medium in the action of mycobacteriophages. Schaefer et al. (9) and Redmond and Bowman (7) have examined the factors involved in autolysis of tubercle bacilli in nitrogen-deficient media.
During the course of experiments on the growth of M. tuberculosis in Sauton medium modified to yield diffuse growth, we observed lysis of the cultures after 2 weeks of growth; approximately 1 week later, the cultures resumed growth and continued to grow for at least 3 weeks or more. The spontaneous resumption of growth after lysis was not a feature of the lytic systems described by the investigators cited above. This is a report on the conditions necessary for autolysis and secondary growth of tubercle bacilli to occur in the modified Sauton medium.
MATERIALS AND METHODS
The experiments were performed on cultures of the H37Rv strain of M. tuberculosis grown in a modified Sauton medium containing Tween 80 and bovine serum albumin fraction V. The inocula for the experiments were 7-to 10-day-old cultures of the test organism in Dubos Tween-albumin broth. A 0.1-ml amount of such cultures was the usual inoculum for 7 ml of test medium. All experiments were performed in quadruplicate.
The modifien Sauton Tween-albumin (MSTA) base was prepared according to the following formula: KH2PO4, 0.4 g; MgS04 7H20, 0.4 g; citric acid, 1.7 g; FeNH4(SO4)2 1 3H20, 0.24 g; asparagine, 3.3 g; Tween 80, 0.2 g; glycerol, 50 g; and distilled and demineralized water to a volume of 900 ml. The pH was adjusted to 7.0 with 6 N KOH.
The MSTA base was dispensed in appropriate small amounts and autoclaved at 15 psi for 15 min. One volume of Dubos Medium Albumin (Difco), which contains 7.5% glucose and 5% albumin fraction V, was added to 9 volumes of the cooled base, and the complete MSTA medium was distributed to sterile tubes or flasks. In some experiments, selected ingredients were omitted, or others were added, as indicated in the presentation of results.
For most experiments, screw-capped tubes (16 by 125 mm) containing 7 ml of MSTA medium were employed. The caps were permitted to remain loose. The depth of the medium in the tubes was approxmately 50 mm. In studies of effects of greater aeration, the medium was dispensed in 60-ml amounts to 300-ml Erlenmeyer flasks with fused side arms for optical density determinations (Nephelo-flasks, Bellco Glass, Inc., Vineland, N.J.). In these flasks, the medium depth was about 12 mm. Morton closures were used to permit air exchange.
In some comparative experiments, Dubos Tweenalbumin liquid medium (DTA) was also used. This was prepared according to the manufacturer's directions, from Dubos Broth Base and Dubos Medium Albumin (Difco).
Cultures were incubated upright at 37 C, and were shaken briefly three times a week, for optical density determinations. For some studies, small Teflon-coated magnetic stirring bars were dropped in the tubes, which were placed in a Tri-R magnetic stirrer inside the incubator. Only the MSTA medium contains glycerol. When glycerol was omitted from MSTA, the optical density curves of the cultures leveled off after 14 days, but no significant degree of lysis occurred, and little secondary resumption of growth was seen (Fig. 1) . The presence of glycerol in the medium appeared to be responsible for the peculiar pattern of growth. This was confirmed by cultivating the bacilli in tubes of DTA medium enriched with 5% glycerol. In this medium also, a pattern of growth, lysis, and secondary growth was seen.
Analysis for glycerol at weekly intervals in the complete MSTA cultures indicated that the concentration of this substrate is decreased in a linear manner during the first 21 days of incubation; the actual concentration dropped from 50 to 31 mg/ml in that time (not corrected for evaporation). Optically evident lysis of the bacilli terminated by the 21st day, when growth recommenced. The glycerol concentration did not change between the 21st and 28th days of the experiment, but, between the 28th day and the 42nd day, further depletion occurred, to a final level of 26 mg/ml. When corrected for evaporation, this represented 20 mg/ml of original culture, i.e., after 6 weeks the bacilli had used 60% of the glycerol supplied in the medium. Some autolysis and secondary growth was found to occur when the bacilli were grown in MSTA medium initially prepared to contain as little as 10 mg of glycerol per ml. This demonstrates that cessation of autolysis and resumption of growth is not contingent on depletion of glycerol, because this was found to occur when actual concentration of glycerol was 31 mg/ml. The depletion of glycerol during the first phase of growth and of lysis occurred at a rate over twice as fast as was seen during secondary growth.
The specificity of the role of glycerol was tested by substituting a 5% glucose supplement for the 5 % glycerol in MSTA. (The glucose was sterilized before addition to previously autoclaved base.) Cultures grown in the glucose-rich medium showed less autolysis than those grown with glycerol, but did exhibit secondary growth (Fig.  1) . The culture medium, after 35 days of incubation, had been depleted by only 2.4 mg of glucose per ml (corrected to original volume). Thus, only about 4% of the available glucose was utilized under these growth conditions, compared to 54% of the glycerol utilized in a comparable time, in glycerol-rich medium (Table 1) .
Aeration. All of the experiments described up to this point were performed in culture tubes (16 by 125 mm) with loose caps. When experiments were performed with complete MSTA medium in loosely capped 300-ml Nephelo-flasks, autolysis did not occur. When similar experiments were performed with MSTA from which glycerol had been omitted, autolysis did occur, but there was no secondary growth. When 50 mg of glucose per ml was substituted for the glycerol, autolysis did not occur (Fig. 2) . After 5 weeks of incubation, the cultures which originally contained 7.5 mg of glucose per ml had utilized 1.1 mg of glucose per ml; those which originally contained 57.5 mg/ml had utilized 3.0 mg/ml (Table 1) . Thus, under conditions of moderate aeration in 5.75% glucose medium in flasks, glucose was not utilized much more extensively than it was under the limitations of aeration that existed in the tubes. The autolysis which occurred in the flasks with no glycerol and only 7.5 mg/ml of glucose was not followed by secondary growth, and so was different from the growth pattern which occurred when glycerol was used under conditions of limited aeration in tubes.
The role of severe limitation of oxygen in causing the autolysis was confirmed in experiments employing tubed cultures containing small magnetic stirring bars. Tubed cultures in MSTA were incubated in a stationary manner, with manual agitation three times a week. After 10 days, before autolysis had started, the tubes were tuberculosis (3), attaining optical densities in excess of 0.900 within 8 days of continuous agitation. When tubes were removed from the magnetic stirrer after only 5 days of incubation, i.e., before a critical cell concentration was reached, and were permitted to continue incubation under stationary conditions, the growth dropped to a linear rate and lysis commenced after 5 more days. Lysis was i.c 5 followed by secondary growth (Fig. 3) growth.
Growth is recorded as logarithm of optical density. With the exception of a slight loss of sediment on centrifugation and resuspension, most of the curves of the resuspended sediments represented a continuation of the regular course, as if the system had not been interrupted. Thus, the 7-dayold sediments continued to grow on transfer to fresh medium and initiated lysis at the same time that uncentrifuged controls did. The cultures centrifuged just after initiation of lysis, and resuspended in fresh medium, showed some lysis during the subsequent 5 days; they then resumed the typical secondary growth pattern. Sediments prepared and resuspended after 21 and 28 days of incubation resumed their typical secondary growth patterns (Fig. 5) .
The filtrates (i.e., staled media) showed marked differences in the nature of the growth curves they supported when inoculated with small fresh inocula. The supematant fluid from the 7-day- tions showed the average degree of aggregation to range from 1.6 to 2.3 bacilli per clump during the period of initial growth and apparent lysis. This proved that the 90% decline in apparent viability count between the 10th and 21st days was not merely a consequence of excessive aggregation of the bacilli.
Koch-Weser and Ebert (5) stated that the amount of TTC reduced by tubercle bacilli in DTA depends "only on the number of organisms in the medium, and is not related to the phase of growth nor the age of the medium." A similar relationship was seen when MSTA cultures were incubated with TTC; however, the diminution in TTC reducing activity did not occur as soon, nor was it as great, as the loss in viability associated with the lysis. The optical density due to extracted TTC formazan produced in 24 hr of incubation increased to the 14th day, declined over the following week, and then increased during the ensuing 14 days of the experiment (Fig. 6) . The apparent increase in TTC reduction during secondary growth exceeded the actual increase in viable units.
Physicochemical effects. Changes in pH of the MSTA cultures did not appear to be causative factors in the pattern. Experiments were conducted at initial pH values of 6.4 and 7.2, and both sets yielded typical curves. Cultures in the complete MSTA and in MSTA from which glycerol had been omitted were tested for pH changes during incubation. The initial pH of the two batches of medium in this experiment was 6.4. The pH of the medium which contained glycerol rose to 7.1 after 3 weeks, at which time the glycerol-free preparation, in which no lysis had occurred, had a pH of 7.4 . Between the 4th and 6th week, the pH of the complete medium dropped back to 6.6 , and that of the glycerol-free cultures to 6.8.
Another experiment was performed to test the possibility that depletion of the surface-active agent Tween 80 could be a factor in resumption of growth after the lytic period. Sets of 7-ml MSTA cultures were grown in the usual manner, and 0. 607, but not on the M. tuberculosis plates, at each sampling from the 7th through the 28th day of incubation. Thus, the MSTA medium itself did not mask the phage released from a known lysogenic system.
An experiment was performed to determine the effect of the chelating agent ethylenediaminetetraacetic acid (EDTA) on the pattern of growth in MSTA medium. Tubes of MSTA were inoculated, and, at selected intervals, 0.1 ml of a sterile 35 mg/ml solution of the sodium salt of EDTA was added to sets of four tubes.
Addition of the EDTA to the medium before inoculation permitted only a trace of growth to occur, and lysis occurred after 9 days (Fig. 7) .
Addition of the EDTA at 4, 7, 11, and 14 days after inoculation resulted in initiation of lysis when the cultures were 14 days old, i.e., at the same time lysis began without EDTA. There was some reduction in peak prelytic growth when EDTA was added to the 4-day-old culture, but cultures receiving EDTA between the 7th and 14th days all achieved the same prelytic peak optical density as the untreated controls.
The most notable effect of addition of the chelating agent before lysis had 
DISCUSSION
Several general interpretations of the phenomenon of spontaneous autolysis and secondary growth may be examined. The induction of spheroplasts which immediately lyse is unlikely, inasmuch as sucrose does not prevent autolysis in the presence of magnesium ion. Activation of phage in a lysogenic system is also unlikely, because one would expect the secondary growth to consist of bacilli which are resistant to the phenomenon; this was not found to be the case. Attempts to detect phage on two possible indicator hosts were unsuccessful, although a known lysogenic strain of M. tuberculosis released detectable phage in this system. In view of the lack of resistance to lysis of the serial passage cultures, it was not considered worthwhile to extend attempts to detect phage on a large range of possible indicator host organisms.
The autolysis of tubercle bacilli in the glycerolrich tubed medium is not a simple physical function of the presence of glycerol itself. When the glycerol is not added until the 14th day, the bacilli appear to have passed the stage in which the phenomenon can occur, and neither autolysis nor secondary growth occurs. On the other hand, when bacilli that have just started to lyse in the complete MSTA medium are centrifuged, and the cells are resuspended in fresh complete MSTA, the lysis proceeds through its course and is followed by secondary growth. This indicates that, after a period of initial growth in the complete MSTA, they become "committed" to a metabolic course leading to lysis in that medium.
Bowles and Segal (1) have demonstrated that glycerol utilization by M. tuberculosis is an induced function which is stimulated by oxygen. Furthermore, glycerol is markedly stimulatory to oxygen consumption by these organisms (10) . The phenomenon of lysis and secondary growth in MSTA medium is a function of glycerol and limited aeration. In the tubed stationary cultures, the concentration of cells, which are actively consuming glycerol, reaches a critical level, at which point oxygen is not supplied as rapidly as it is consumed, resulting in a severely unbalanced metabolism which leads to autolysis. During a period of approximately 1 week, in which the autolysis continues, glycerol continues to be consumed. The termination of autolysis and resumption of growth coincide with a cessation of glycerol utilization. At 1 week after growth has resumed, a slow consumption of glycerol commences, at somewhat less than half of its prior rate. Thus, under these conditions of diminished glycerol metabolism, the rate of oxygen depletion is balanced by oxygen solution produced by the thrice weekly shaking of the tubes. The likelihood that a feedback mechanism is involved is supported by the observation that staled filtered medium supports growth of fresh inocula at a rate comparable to those seen with cultures at the stages of growth from which the staled media were derived. It is noteworthy that the count of viable units in these tubes during secondary growth does not reach the prelytic level, indicating that, for the configuration of these tubes, a critical maximal concentration of metabolizing cells exists. However, the lower rate of multiplication and glycerol utilization during secondary growth appears to prevent these bacilli from achieving the unbalanced conditions which led to the prior lysis. Vigorous aeration at any time during the period of cultivation either prevents or terminates autolysis, and leads to very high growth rates. Abrupt termination of this vigorous aeration results in the unbalanced metabolism and a very rapid initiation of lysis.
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